Ig and two thrombospondin type 1 (TSP-1) domains
proteins actually form a receptor complex important for repulsion? We show that the cytoplasmic domain of extracellularly and a long cytoplasmic domain ‫055ف(‬ amino acids) with at least two conserved motifs: a ZU-5 UNC5 proteins is sufficient to specify repulsion and that netrin-1 initiates the formation of a receptor complex domain (homologous to a portion of Zona Occludens-1; Schultz et al., 1998) and a Death Domain at the extreme of UNC5 and DCC proteins, simultaneously enabling a direct association of the UNC5 cytoplasmic domain with carboxy terminus (Hofmann and Tschopp, 1995). All three vertebrate UNC5 proteins are netrin-binding prothe DCC cytoplasmic domain that converts attraction to repulsion. Furthermore, our results indicate that conteins (as is expected, but not yet shown, for C. elegans UNC-5), and analysis of a mouse mutant in the Unc5h3/ verting attraction to repulsion may not involve simply overwhelming one response with the other, but rather Rcm gene suggests that the vertebrate proteins might similarly be receptors involved in repulsion (Leonardo effecting a molecular switch in attractive receptor function. et al., 1997; Przyborski et al., 1998).
The simplest model for netrin bifunctionality would be that DCC receptors mediate attraction and UNC5 Results receptors repulsion. However, indirect evidence also suggests that the relation of netrin-mediated attraction Expression of UNC5 Proteins Converts Netrin-Mediated Attraction to Repulsion and repulsion might be more complex. In both C. elegans and vertebrates, many neurons that express unc-5 famGrowth cones of Xenopus spinal neurons exhibit attractive turning responses in the presence of microscopic ily genes also coexpress Dcc family genes; for example, all the neurons in C. elegans in which UNC-5 has been gradients of netrin-1, an effect that requires DCC function . To determine the effect of eximplicated in netrin-mediated repulsion also coexpress the Dcc family member unc-40 (Chan et al., 1996; Leopressing UNC5 family proteins in these cells, mRNAs encoding UNC-5 or its mammalian homologs UNC5H1 nardo et al., 1997). Furthermore, loss of function of unc-40 also impairs migrations away from the UNC-6 netrin and UNC5H2 were injected into two blastomeres of Xenopus embryos at the four-cell stage, together with mRNA source (although to a lesser extent than loss of unc-5 function) (Hedgecock et al., 1990; McIntire et al., 1992;  encoding GFP (as a marker for expression of exogenous mRNAs). Postinjection embryos were allowed to deColavita and Culotti, 1998). It is not known whether this reflects a cell-autonomous requirement for unc-40 within velop to stage 22-24 before the spinal neurons were isolated and cultured. After 14-20 hr in culture, rethe affected neurons or a nonautonomous effect of unc-40 in other cells; indeed, a nonautonomous guidsponses of individual growth cones to gradients of netrin-1 were examined. Figure 1A shows examples of ance role for the DCC protein Frazzled in Drosophila has recently been described (Gong et al., 1999) . If the responses for a neuron from a control embryo and for a GFP-expressing neuron from an embryo injected with effect is autonomous, however, this would indicate that UNC-5 and UNC-40 act in concert in individual neurons Unc5h2 mRNA. As described (Ming et al., 1997), control neurons exhibited marked chemoattraction to netrin-1 to mediate repulsion.
In this study, we demonstrate that expression of C. within 1 hr ( Figures 1A a and 1A b ). The same was true for GFP-expressing neurons from embryos injected with elegans or vertebrate UNC5 proteins in Xenopus spinal cord neurons causes their axons to be repelled by nemRNA for a control protein, the semaphorin receptor neuropilin-1 ( Figure 1D ). In contrast, GFP-expressing trin-1. We also show that UNC5-dependent repulsion in this assay requires DCC protein function in individual growth cones of neurons from embryos injected with Unc5h2 mRNA showed clear repulsive responses (Figgrowth cones. These findings then made it possible to address two broader issues: how is repulsion specified ures 1A c , 1A d , and 1D). Similar repulsive responses were also observed when UNC5H1 or C. elegans UNC-5 were in the structure of UNC5 proteins, and do UNC5 and DCC (B) Superimposed traces on the left depict trajectories of neurites over a 1 hr period. Ten randomly sampled neurites are shown for control (uninjected) neurons and for neurons expressing C. elegans UNC-5, UNC5H1, or UNC5H2. The arrows mark the direction of the netrin-1 gradient (5 g/ml in the pipette). The origin is the initial position of the growth cone, and the vertical dashed line shows the initial direction of neurite extension. The scatter plots on the right depict all data obtained for each group of neurons. Each dot represents the turning angle (abscissa) and the net neurite extension (ordinate) of a growth cone. (C) Cumulative distribution of turning angles for all data obtained from uninjected (black circles) and UNC5H2-expressing (red squares) neurons in the presence of a netrin-1 gradient and for control neurons (white circles) not exposed to the netrin-1 gradient (culture medium in the pipette). The percentage value refers to the percentage of growth cones with angular positions less than a given angle, and isolated data points along the abscissa are median values for corresponding data shown above. Figure 1D) . 1987). Neurons expressing this myristoylated UNC5H2 cytoplasmic domain construct exhibited marked repulThus, expression of UNC-5, UNC5H1, or UNC5H2 converts netrin-1-induced attraction to repulsion. The resive responses to netrin-1 ( Figure 2C ). Thus, expression of the cytoplasmic domain of UNC5H2 is sufficient to sults also imply that expression of GFP in these neurons is a faithful reporter of transgene expression, so we will convert netrin-mediated attraction to repulsion. refer below to GFP-expressing neurons from embryos injected with mRNA for an UNC5 protein as "neurons A Ligand-Dependent Complex of UNC5 expressing" the UNC5 protein. Netrin-1 also increased and DCC Proteins the rate of growth of neurons from uninjected embryos
The finding that UNC5-dependent repulsion is blocked during the 1 hr period ( Figure 1D ). Interestingly, expresby antibodies to DCC raised the possibility that these sion of UNC5H1 (but not the other two UNC5 proteins) proteins form a receptor complex. To test directly caused a reduction in the extension rate in the presence whether such a complex exists, we performed coimmuof netrin-1 (Figures 1B and 1D) Figures 1E and 1F) . The effect of proteins were analyzed by Western blotting. As shown in Figure 3B , UNC5H2(myc) coprecipitated with DCC, the antibody was specific, since it did not impair the repulsive action of the semaphorin Sema III (Figures 1E but only in the presence of netrin-1 (lane 4), not in its absence (lane 3), whereas NPN2A(myc) did not copreand 1F), which is mediated by neuropilin-1 (Song et al., 1998). Thus, DCC function is required for netrincipitate under either condition (lanes 1 and 2). Conversely, when precipitations were performed using the mediated repulsion observed in the presence of UNC5 proteins.
anti-myc antibody, DCC coprecipitated with UNC5H2 (myc) in a netrin-dependent fashion (lanes 7 and 8) but did not coprecipitate with NPN2A(myc) under either conThe Cytoplasmic Domain of UNC5H2 dition (lanes 5 and 6). The cytoplasmic domains of the Specifies Repulsion receptors are not necessary for this interaction, since To test whether the ectodomain of UNC5 proteins is truncated receptors comprising just the ecto-and transrequired for repulsion, we examined the effect of exmembrane domains of DCC and UNC5H2 also coprecippressing a chimeric receptor in which the transmemitated in a netrin-1-dependent fashion ( Figure 3C ) (in this brane and cytoplasmic domains of UNC5H2 were fused case, a small amount of interaction was also observed in to the extracellular domain of DCC. Neurons expressing the absence of netrin-1, perhaps resulting from the fact this DCC/UNC5H2 chimera showed the same repulsive that these ectodomain constructs expressed at Ͼ10-response to netrin-1 as did neurons expressing UNC5H2 fold higher levels than the full-length constructs; data ( Figure 2A Figure 2B) ; NGF had no effect on these neurons (data not shown).
While these results demonstrated an interaction between DCC and UNC5H2 ectodomains mediated by netrin-1, These results suggested that the cytoplasmic domain of UNC5H2 might be sufficient for repulsion. We tested the finding that the cytoplasmic domain of UNC5H2 is either its amino-or carboxy-terminal ends; alternatively, with a myc epitope) that possess an N-terminal myristoylation sequence. When the constructs were cotransthe juxtamembrane region may be redundant with some other region of the cytoplasmic domain, with either one fected in COS-1 cells and the UNC5H2 construct precipitated with anti-myc, the DCC construct coprecipitated being sufficient but at least one being necessary.
We next sought to identify the regions of UNC5 cyto-( Figure 4D ). No coprecipitation was observed when an UNC5H2 construct was used from which residues 707-plasmic domains required for DCC binding. We studied this in the context of UNC5H2 by introducing amino-946, including the DB domain, were deleted or when a DCC construct was used from which the P1 domain was terminal deletions into the VP16-UNC5H2 prey fusion and monitoring for loss of histidine-independent growth. deleted ( Figure 4D ). These findings support the importance of the P1 and DB domains for the interaction and Whereas a construct comprising UNC5H2 residues 707-946 supported histidine-independent growth, a conalso indicate that the interaction between cytoplasmic domains is not due solely to the presence of myristoylastruct comprising residues 724-946 did not, nor did constructs comprising further deletions beyond residue 724 tion sites on the proteins, nor to their aggregation at the cell membrane. (Figure 4C ). Thus, residues 707-724 are required for binding the DCC cytoplasmic domain. These 18 residues are highly conserved among all previously described Association between DCC and UNC5 Cytoplasmic Domains In Vitro UNC5 proteins ( Figure 4C ), and we name this domain the DB domain (as it is required for DCC binding).
These studies in yeast and mammalian cells suggested that the cytoplasmic domains of DCC and UNC5 proWe next examined whether the interaction between DCC and UNC5 cytoplasmic domains, detected in yeast, teins might interact directly but did not exclude the possible involvement of adaptor proteins constitutively excould also be demonstrated in mammalian cells. For this, we generated cytoplasmic domain contructs for pressed in those cells. We therefore turned to an in vitro affinity-binding assay, using recombinant GST fusion DCC (tagged with an HA epitope) and UNC5H2 (tagged Since the P1 motif is required for the interaction of DCC and UNC5 cytoplasmic domains in yeast, we examproteins (full-length UNC5H2 and UNC5H3 and full-length UNC5H1 lacking the Death Domain [UNC5H1⌬DD]) (in the ined whether a synthetic 18 amino acid peptide encoding this motif could compete with DCC for UNC5 binding case of UNC5H1, it was necessary to delete the Death Domain in order to get sufficient expression; data not in vitro, using a scrambled version of this peptide (C1) as a control ( Figures 5C and 5D ). We first identified a shown). Full-length NPN2A was used as a control. These proteins were labeled with 35 S during the in vitro translabaseline by defining the conditions under which binding of the in vitro-translated UNC5H2 protein to GST-DCCcy tion so that bound proteins could be visualized by fluorography ( Figure 5A ). The three UNC5 proteins, but not was saturated. Steady-state binding was achieved when the concentrations of UNC5H2 and DCCcy protein were NPN2A, bound beads to which GST-DCCcy had been about the same ‫5ف(‬ M; Figure 5C ). This concentraDeath Domain (construct 3, UNC5H2⌬DB⌬DD) resulted in a dominant-negative construct that not only did not tion was then used for the competition experiments. Whereas the scrambled peptide had no effect, the P1 specify repulsion, but actually abolished the attractive effect of netrin-1 as well ( Figures 6B and 6C) . quired for repulsion, however. Deletion of both the Death Domain and 113 amino acids between the DB and the DD domains, but leaving the rest, including the DB doImportance of Cytoplasmic Domain Interactions for Repulsion main, intact (construct 4, UNC5H2-INBtr) also resulted in a dominant-negative construct. Thus, sequences beTo determine whether the interaction between DCC and UNC5 cytoplasmic domains is important for repulsion, tween the DD and DB domains are also important for repulsion, as could arise if these sequences are imporwe returned to the Xenopus assay and first tested the importance of the UNC5H2 DB domain through deletion tant for binding adaptor proteins. Deletion of the DB domain and all sequences carboxy terminal to it (conanalysis. mRNAs encoding various deletion constructs ( Figures 6A-6C) were injected into Xenopus embryos struct 5, UNC5H2-DBtr) or deletion of all cytoplasmic domain sequences (construct 6, UNC5H2ecto-TM) also and examined for their ability to mediate repulsion. Deletion of the conserved Death Domain at the carboxy terresulted in the generation of dominant-negative constructs ( Figures 6B and 6C) , as expected. minus of UNC5H2 (construct 2, UNC5H2⌬DD) did not affect UNC5H2-mediated repulsion (Figures 6B and 6C) .
The importance of the DB domain was confirmed independently using deletions of the myristoylated UNC5H2 (We noted, however, that expression of the full-length construct resulted in a large amount of cell death in the cytoplasmic domain construct ( Figure 6D ). Whereas the wild-type construct (lacking the Death Domain) (concultures, and deletion of the Death Domain significantly reduced this death [see Experimental Procedures].) struct 7, myr-UNC5H2⌬DD) converted attraction to repulsion (as described above), a myristoylated construct in However, deletion of the DB domain in addition to the which the DB domain was deleted (construct 8, myraddition of netrin-1 causes some change in UNC5H2 and DCC that enables association of their cytoplasmic UNC5H2⌬DB⌬DD) had no effect, that is, the growth cones were attracted to netrin-1 (Figures 6E and 6F) . Confocal domains. analysis of axons expressing the full-length or the DBdeleted myristoylated constructs showed that the level Discussion of expression and distribution of the expressed proteins were indistinguishable (data not shown), suggesting that
We have shown that expression of C. elegans and vertethe absence of effect of the DB deletion construct is brate UNC5 proteins in Xenopus neurons converts nedue specifically to absence of the DB domain, not to an trin-mediated attraction to repulsion and that the cytoeffect on expression levels. The fact that the DB-deleted plasmic domain of UNC5 proteins is both necessary and cytoplasmic domain construct does not have a domisufficient to effect this conversion. Furthermore, UNC5 nant-negative effect is expected, since it is not anticiproteins appear to achieve this through formation of a pated to sequester DCC into inactive complexes (see receptor complex with the attractive netrin receptor below).
DCC and direct interaction of their cytoplasmic doWe also wished to examine the importance of the mains, with the cytoplasmic domain of DCC being re-DCC P1 domain for repulsion. This was made more quired as well. These results show that the function of difficult by the fact that the neurons endogenously ex-UNC5 proteins-repulsion-is coded in their cytoplaspress wild-type DCC with an intact P1 domain. To cirmic domains, a conclusion also arrived at for the cytocumvent this problem, we took advantage of the obserplasmic domains of the attractive netrin receptor Frazvation that the anti-DCC antibody blocks repulsion of zled (a DCC family member) and the repulsive Slit axons expressing UNC5H2 ( Figure 1E Interestingly, we found that the Death Domain at the UNC5H2 to the DCC ectodomain yields a receptor that carboxy terminus of UNC5 proteins is not required for can still specify repulsion in response to netrin-1 paralrepulsion. This domain is, however, highly conserved lels the observation that in Drosophila, fusion of the across evolution, suggesting that it mediates some other Robo cytoplasmic domain to the ectodomain of the DCC conserved function, perhaps in the control of apoptosis family protein Frazzled yields a repulsive netrin receptor (a function shared by many, but not all, Death Domain-(Bashaw and Goodman, 1999). That study also showed containing proteins). In this context, it is of interest that the reciprocal result as well, namely that the cytoplasmic expression of vertebrate UNC5 constructs was often domain of Frazzled is sufficient to specify attraction associated with cell death in our cultures, which was in the context of a Robo ectodomain. Together these alleviated by deletion of the Death Domain (see Results findings imply that the "sign" of a guidance cue recepand Experimental Procedures; also see Experimental tor-attraction or repulsion-can be specified in its cytoProcedures in Leonardo et al. [1997] ). It is also of interest plasmic domain, with the ectodomain determining the that DCC has recently been implicated in the control of specificity of ligand binding.
cell death, at least in transfected cells (Mehlen et al., Remarkably, we found that the cytoplasmic domain 1998). of UNC5H2 is sufficient to effect this conversion, as Although the isolated cytoplasmic domains of UNC5 repulsion is observed with a chimeric receptor comprisand DCC proteins interact, full-length UNC5H2 and DCC ing the ectodomain of a heterologous receptor, trkA, and do not coprecipitate in the absence of netrin-1. These even with a construct consisting simply of the UNC5H2 results imply that the interaction between the cytocytoplasmic domain fused to a myristoylation sequence. plasmic domains of these proteins is repressed in the Our findings that (1) the cytoplasmic domains of UNC5H2 context of the full-length proteins. This conclusion is and DCC associate, (2) this interaction requires the DB further supported by the finding that a myristoylated domain in the UNC5H2 cytoplasmic domain, and (3) the UNC5H2 cytoplasmic domain coprecipitates with full-DB domain is similarly necessary for the ability of the length DCC only in the presence of netrin-1. In this case, UNC5H2 cytoplasmic domain to convert attraction to netrin-1 cannot simply be acting as a bridge to bring repulsion all support a model in which the repulsive together UNC5H2 and DCC. Rather, it must be causing function of the UNC5H2 cytoplasmic domain is mediated some change in the DCC protein to derepress the interby the interaction with the DCC cytoplasmic domain. In action with the UNC5H2 cytoplasmic domain. This may this model, activation of the complex can be mediated involve a conformational change in the DCC cytoplasmic by binding of netrin-1 to DCC alone, even though UNC5 domain; alternatively, clustered DCC cytoplasmic domains (brought together as a result of netrin-1-mediated usually binds netrin as well. The converse was also aggregation) may provide a substrate to which the to the floor plate using netrin-1, but upon crossing the midline, they lose responsiveness to netrin-1 (Shirasaki UNC5H2 cytoplasmic domain can bind with greater avidity. A similar conclusion applies to UNC5H2, since et al., 1998). Since the axons continue to express DCC (Keino-Masu et al., 1996), the switching off must involve it coprecipitates efficiently with a myristoylated DCC construct only in the presence of netrin-1. some other change. Another switch in growth cone sensitivity at the midline is the acquisition of Slit responThe picture that emerges from all of these findings is as follows. The cytoplasmic domains of DCC and UNC5 siveness by upregulation of expression of the Robo receptor in Drosophila (Kidd et al., 1998). Although not proteins can associate physically, but this interaction is repressed in the context of the full-length proteins. Neyet demonstrated in vivo, it seems likely that there are circumstances where it is desirable not just to switch trin-1 has two effects: it brings together the proteins in a complex, and it simultaneously derepresses the on or off responsiveness to a particular cue, but rather to convert the responsiveness from attraction to repulinteraction of the cytoplasmic domains by causing changes in both the UNC5 and the DCC proteins. The sion, to help move the growth cone along. The ability of one receptor to switch responses mediated by another associated cytoplasmic domains mediate a signal for repulsion, whereas in the absence of the UNC5 cytoreceptor provides an economical means to achieve this end and avoid confusing the growth cone with simultaplasmic domain, the DCC cytoplasmic domain mediates a signal for attraction (Figure 8 et al., 1998) . minimized. 
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